Introduction
Structural Genomics initiatives are generating an increasing number of protein structures with very limited biochemical characterisation. The analysis and functional assignment of protein structure is a key challenge and a major bottleneck towards the goal of well-annotated genomes. As shape plays a crucial rôle in biomolecular recognition and function, the development of shape analysis techniques is important for understanding protein structure-function relationships.
Protein surfaces typically contain clefts of different shapes and sizes. It has been shown that for enzymes, the active site is commonly found in the largest cleft, Laskowski et al. (1996) . This makes the detection of the active site relatively straightforward, and can be performed by a program such as SURFNET, Laskowski (1995) . SURFNET does this by placing expandable spheres between protein atoms such that the radii of these spheres does not penetrate the two protein atoms or any nearby atoms. The union of all such spheres is used by SURFNET to describe the 3D cleft shape. Residue conservation can be used to improve the binding pocket prediction, Glaser et al. (2005) .
In this contribution, we present an efficient method for comparing protein binding pockets based on a spherical harmonics expansion. Binding pocket shapes are approximated as functions on the unit sphere by describing each surface point by its spherical coordinates
Shape and spherical harmonics
Shape is a key concept in the molecular sciences. Especially in molecular biology, shape is a major factor in virtually all processes within the cell as shape plays an important rôle in molecular recognition. Shape is, however, not an absolute property at the molecular level, as probes with differing electronic properties will experience different interactions and therefore see different shapes. This complication will be ignored in the following and molecules will be treated as rigid bodies with well-defined boundaries defined by their van der Waals radii.
Mathematically there exist many ways of describing and representing shapes including triangulations, iso-surfaces, polygons, equations, distance distributions and statistical landmark theory. Here we use explicit, global functions in the form of a real spherical harmonics expansion. Spherical harmonics, In this manner, a spectral decomposition (Fourier analysis) of any function on the unit sphere may be performed. The lower values describe the rough low-resolution shape, whereas the higher values add high-resolution detail to the picture.
Due to the orthonormality of the spherical harmonics, the expansion coefficients are unique and can therefore be used directly for describing shapes. This numerical integration can be a time-consuming undertaking and the results are often highly sensitive with respect to the integration layout and the weights. We circumvent such problems and speed up the procedure by using spherical-t-designs, Hardin and Sloane (1996) . The full integration over the unit sphere for all and Shape expansion coefficients have been computed for all ligands in the PDB and for a number of protein binding pockets predicted from deposited protein structures. Shapes can be compared using a standard 
Results
We present the results for a test dataset consisting of 40 low-similarity proteins that bind to either ATP, NAD, a heme or a steroid. The shape matching matrix is shown in Fig. 2 . As may be seen, shape matching using spherical harmonics provides in many cases valuable information about the ligand. The results shown here are for shape only. The inclusion of additional properties is likely to enhance the performance further.
Conclusions
A fast shape-matching method has been described for capturing the global shape of a protein's binding pocket or ligand. The method can also be applied directly to the protein itself. The surface is treated as a (single-valued) function of the spherical coordinates, and , that can then be expanded in a linear combination of real spherical harmonics. If two objects share a common orientation, these coefficients can be directly compared using the standard Euclidean distance ( 2 3 ) metric in ( -dimensional space, where ( is determined by the order of the spherical harmonics chosen to represent the shape. We employ a heuristic that defines a standard frame of reference based on the first, second, and third moments of a 3D object. Although spherical harmonics enjoy mathematically convenient rotational properties, it would be of advantage not have to perform any rotational superposition (optimisation) at all. In the field of Computer Science this has led to the development of 3D shape retrieval systems based on rotation invariant descriptors, , . This approach of course loses orientation information in that the original shape can obviously not be reconstructed from the rotation invariant descriptors, but overall the advantages of this method make it superior to registration dependent approaches.
The main hurdle in this method is how to obtain an accurate prediction of the binding pocket. Another difficulty is the above mentioned alignment and also how to handle conformational changes in both protein and ligands.
Although there are potential problems with this approach, we have shown that for predicting protein function, shape is a powerful concept that can be described and compared efficiently using spherical harmonics.
